
Br. J. Pharmacol. (1988), 95, 1287-1291

Comparison between effects of caffeine and ryanodine
on electromechanical coupling in myocardium of
hibernating chipmunks: role of internal Ca stores

Noriaki Kondo

Mitsubishi-Kasei Institute of Life Sciences, Machida, Tokyo 194, Japan

1 To clarify the cause of uncoupling of Ca influx through Ca channels and the contractility of the
myocardium in hibernating chipmunks, the electromechanical effects of two different internal Ca
store inhibitors, caffeine and ryanodine, and a cardiotonic agent, isoprenaline, were investigated in
papillary muscles of hibernating animals.
2 Ryanodine (10-6 M), an inhibitor of internal Ca release, abolished the contraction with a marked
inhibition of the action potential plateau (APp). In such preparations, an increase in Ca influx
induced by isoprenaline (5 x 10 8M) failed to augment the contraction, indicating uncoupling of Ca
influx and contraction.
3 In ryanodine pretreated preparations, 10mM caffeine produced an early phase of APp, but did
not affect the contraction abolished by ryanodine, while a higher concentration of caffeine (25 mM)
markedly increased the contraction with an augmentation of the electrical response.

4 In the absence of ryanodine, caffeine (5 mM) almost abolished the contraction with a greater
inhibition of APp. In such preparations, isoprenaline greatly increased the contraction with an

augmentation of the early phase of APp.
5 These effects were not significantly affected by additional application of ryanodine, but were
inhibited by nifedipine, a Ca channel blocker.
6 These observations suggest that in cardiac muscles of hibernating animals, lack of the positive
inotropic effect of isoprenaline may be attributed to a rapid and effective sequestration of increased
cytoplasmic Ca through Ca influx by internal stores, probably by enhancement of their ability to
take up Ca.

Introduction

From previous studies on the myocardium of hiber-
nating animals (Charnock et al., 1983; Kondo &
Shibata, 1984; Kondo, 1986ab; 1987a) it has been
suggested that the relative contributions of different
sources of Ca for activation of contraction (Ca influx
and Ca release from internal stores) are changed
during hibernation. In hibernating preparations, the
Ca source is mainly attributed to the release from
intracellular Ca stores. Recently, in cardiac muscles
of hibernating chipmunks, it has been found that the
positive inotropic effect of isoprenaline was not
observed in spite of a marked augmentation of Ca
influx through Ca channels (Kondo, 1986b). To
explain this uncoupling of Ca influx and the contrac-
tile force, an increase in the ability of internal Ca
stores, sarcoplasmic reticulum (SR), to sequester
cytoplasmic Ca has been suggested (Kondo, 1986b).
This assumed mechanism may effectively sequester

cytoplasmic Ca increased through Ca influx across
cell membranes, resulting in a lack of the positive
inotropic effect of isoprenaline. If this is so, inhibi-
tion of Ca uptake by the SR may restore the activa-
tion of contraction coupled with Ca influx.
There are two inhibitors of function of SR, ryan-

odine and caffeine, which are useful for studying the
excitation-contraction coupling mechanisms. Ryan-
odine is thought to exert its effects through inhibi-
tion of the Ca releasing process from SR (Sutko &
Kenyon, 1983; Chamberlain et al., 1984; Marban &
Wier, 1985; Fabiato, 1985), while it has been sug-
gested that the inhibitory action of caffeine is due to
an inhibition of Ca uptake by SR (Weber & Herz,
1968; Blinks et al., 1972; Henderson et al., 1974;
Hess & Wier, 1984). Caffeine has also been reported
to augment Ca influx through Ca channels
(Schneider & Sperelakis, 1975; Goto et al., 1979).
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In the present experiments with these drugs, I
examined the involvement of SR function in cardiac
excitation-contraction coupling of hibernating
animals. The present findings are consistent with my
previous hypothesis that the ability of the SR to take
up calcium is enhanced in hibernating preparations.

Methods
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Asian chipmunks (Tamias sibiricus) of either sex
were trapped in September and transferred to indi-
vidual wiremesh cages. They were introduced to a
darkened cold room (4 ± 10C) with food, a standard
diet of pelleted laboratory rat chow, and water avail-
able. Most of them had exhibited preliminary bouts
of hibernation within 3 weeks, and subsequently they
exhibited several consecutive bouts of hibernation
longer than 1 week in duration until the following
March. Animals in deep hibernation were used for
experiments.
Animals were killed following cervical dislocation.

The heart was quickly excised, a papillary muscle,
2-3mm in length and less than 1 mm in diameter,
was isolated from the right ventricle. The prep-
aration was mounted and equilibrated for 2h in a
tissue bath containing Krebs-Ringer solution aerated
with 95% 02 and 5% CO2, with the ends of the
muscle impaled on two hooks, one of which was
attached to a force displacement transducer (Kondo,
1987a). The composition of the Krebs-Ringer solu-
tion (mM) was: NaCl 120, KCI 4.8, CaCl2 1.2,
MgSO4 7H20 1.3, KH2PO4 1.2, NaHCO3 24.2
and glucose 5.5 (pH7.4). The temperature of the
superfusate was maintained at 30'C. The prep-
arations were stimulated at 0.2Hz with pulses 1 ms
in duration and twice the diastolic threshold. Mem-
brane action potentials were recorded through glass
microelectrodes filled with 3M KCl. The action
potential and the mechanical tension were simulta-
neously displayed on a storage oscilloscope
(Tektronix 7613). The mechanical tension was also
recorded on a polygraph (Nihon Kohden TB612T).
The agents employed in the experiments were as

follows: isoprenaline (5 x 10-8m; Sigma, St Louis,
MO, U.S.A.), caffeine (5-25mM; Wako P.C.I. Ltd.
Osaka, Japan), ryanodine (10-6M; S.B. Penick Co,
New York, U.S.A.) and nifedipine (10-6 M; Bayer).

Results

In papillary muscles of hibernating animals, ryan-
odine (10-6M) markedly inhibited the action poten-
tial plateau (APp) and abolished the contraction
(Figure 1). In such preparations, additional applica-
tion of isoprenaline (5 x 10-8M) greatly augmented
APp, but did not affect the contraction. In the
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Figure 1 Electromechanical effects of isoprenaline in
the presence of ryanodine. Top trace and middle trace
show the simultaneous recordings of the action poten-
tial and the contraction. The bottom trace shows the
continuous recording of the developed tension. (a)
Control; (b) 15min after application of ryanodine
(10-6M); (c) additional application of isoprenaline
(5 x 10-8M) for 9min. Arrowheads indicate recording
points of the electrical response.

present preparations, uncoupling of Ca influx
through the action potential depolarization and the
contraction was observed. This uncoupling of the
electrical and the mechanical responses has been
found in my previous study (Kondo, 1986b).

In the presence of ryanodine, the effects of caffeine
were examined in four preparations (Figure 2). After
inhibition of APp and the contraction by ryanodine,
caffeine (10mM) caused an increase in APp at an
early phase but had little effect on the contraction
which had been abolished by ryanodine. The addi-
tional application of a higher concentration of caf-
feine (25 mM) further increased the APp and
simultaneously activated the contraction. The activa-
tion of contraction was characterized by a marked
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Figure 2 Electromechanical effects of caffeine in the
presence of ryanodine. (a) Control; (b) 15min after
application of ryanodine (10-6M); (c and d) additional
application of caffeine (c, 10mM for 9 min and d, 25mM
for 5 min).
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Figure 3 Electromechanical effects of caffeine and
ryanodine on the response to isoprenaline. (a) Control;
(b) 10min after application of caffeine (5mM); (c) addi-
tional application of isoprenaline (5 x 10-8M). After
treatment with caffeine and isoprenaline, ryanodine
(10-6M) was applied for 12min.

prolongation of the active state due to a decrease in
the rate of relaxation. Under these conditions, the
resting tension also rose. After caffeine was washed
out, the effects of this drug were rapidly removed.
The effects of caffeine on the responses to iso-

prenaline in the absence of ryanodine were examined
in four preparations (Figure 3). A lower concentra-
tion of caffeine (5 mM) caused a marked inhibition of
contraction with a decrease in APp. Such inhibitory
effects on the electrical and the mechanical responses
were similar to those of ryanodine. Caffeine slightly
affected APp at an early phase. In this preparation,
isoprenaline caused a marked positive inotropic
effect accompanied by an augmentation of APp at
an early phase. The positive inotropic effect of iso-
prenaline in the presence of caffeine was not substan-
tially affected by additional application of ryanodine.
Nifedipine (10-6M), a Ca channel blocker, inhibited
the electrical and the mechanical response to iso-
prenaline (not shown).

Discussion

In cardiac muscles of hibernating chipmunks, the fol-
lowing characteristics have been found: (1) the con-
traction and the action potential plateau (APp) are
controlled by internal Ca release from sarcoplasmic
reticulum (SR) (Kondo & Shibata, 1984; Kondo,
1986b); (2) the activation of Ca channels is inhibited
by development of a large transient outward current
activated by membrane depolarization, resulting in
an abolition of the early plateau phase of the action
potential (Kondo, 1986a; 1987a). From these results,
it has been suggested that the cardiac electrome-
chanical responses of hibernating animals depend on
internal Ca release. In these preparations, isoprena-
line, a f-adrenoceptor agonist, has been shown to

augment Ca influx through facilitation of Ca channel
activation, but not to increase the contractile force
(Kondo, 1986b). A lack of effect of isoprenaline on
contraction has also been reported in rat cardiac
cells, the contraction of which is thought to depend
largely on Ca release from SR (Fabiato, 1981).
However, in myocardium of non-hibernating
animals and other mammals, this electromechanical
uncoupling has not been observed, suggesting the
existence of an internal system strongly buffering
cytoplasmic Ca in hibernating preparations. In a
previous study (Kondo, 1986b), it was suggested that
this uncoupling results from an enhancement of the
ability of the SR to sequester Ca. Therefore, in order
to test this hypothesis, such an uncoupling of Ca
influx and the contractile force was examined in the
presence of two different SR inhibitors, ryanodine
and caffeine.

Ryanodine and caffeine may exert their negative
inotropic effect on cardiac muscles by decreasing Ca
release from SR. Several studies on the isolated
cardiac SR vesicles (Blayney et al., 1978), skinned
cardiac preparations (Fabiato & Fabiato, 1973), cul-
tured heart cells (Rasmussen et al., 1987) and intact
myocardium (Weber & Herz, 1968; Blinks et al.,
1972; Henderson et al., 1974; Hess & Wier, 1984)
have indicated that this decrease in Ca release by
caffeine may be attributed to inhibition of Ca uptake
by SR which results in the depletion of SR Ca. In
contrast to caffeine, ryanodine has been reported not
to inhibit Ca uptake by cardiac SR (Lattanzio et al.,
1987; Jones et al., 1979; 1981). High concentrations
of ryanodine directly inhibit Ca-induced Ca release
from cardiac SR (Chamberlain, 1984) and in skinned
cardiac cells (Fabiato, 1985). Other recent studies in
isolated cardiac SR vesicles (Meissner, 1986; Lattan-
zio et al., 1987) and single SR release channels
(Rousseau et al., 1987) have shown that sub-
micromolar ryanodine increased Ca permeability of
cardiac SR membrane probably by forming a sub-
conductance state of the Ca release channel,
resulting in depletion of releasable Ca from SR. This
may account for a decrease in Ca release from SR by
ryanodine. Thus, the two inhibitors may reduce
cardiac SR Ca release through different processes.

In hibernating preparations, when the slow Ca
inward current is activated by the Ca channel activa-
tor, isoprenaline, membrane depolarization gener-
ated by this current is clearly observed in the range
above the threshold potential for the slow inward
current (near -40mV: the early plateau phase)
(Kondo, 1986a,b). This potential change is more
clearly observed in the presence of ryanodine
(Kondo, 1986a,b), since some currents activated by
internal Ca release (transient inward and outward
currents, and Na-Ca exchange current) which nor-
mally affect the plateau potential are without effect
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due to the reduced contribution of these currents
because of the inhibition of internal Ca release by
ryanodine. Furthermore, in the presence of ryan-
odine, a contraction activated by Ca influx is selec-
tively observed. In such ryanodine-pretreated
preparations, caffeine induced the early plateau
phase of the action potential probably due to an
increase in the slow Ca inward current (Shine &
Langer, 1972; Schneider & Sperelakis, 1975; Goto et
al., 1979), indicating an increase in Ca influx. Under
these conditions, caffeine (10mM) did not signifi-
cantly increase the contraction in much the same
way as observed in the preparations treated with iso-
prenaline. However, a higher concentration of caf-
feine (25 mM) caused a marked increase in the
contraction accompanied by a decrease in the rate of
relaxation and a rise of the resting tension. These
findings may be explained by a balance between the
dual action of caffeine, an augmentation of Ca influx
(Shine & Langer, 1972; Schneider & Sperelakis,
1975; Goto et al., 1979) and an inhibition of SR Ca
uptake (Blinks et al., 1972; Henderson et al., 1974;
Hess & Wier, 1984; Weber & Herz, 1986; Rasmus-
sen et al., 1987). Since the effect of a higher concen-
tration of caffeine on Ca influx and SR Ca uptake
may be more pronounced, a part of Ca entering the
cell under the influence of caffeine cannot be trapped
in SR because Ca uptake is reduced. Untrapped Ca
accumulates around the contractile proteins and
activates the contraction, resulting in the contraction
coupled with Ca influx. Subsequently, the diminished
reuptake of Ca by SR causes a decrease in the rate of
relaxation and, ultimately, the resting tension is
raised (Shine & Langer, 1972). These theories are in
good agreement with the effects of caffeine in the
present experiments. These results suggest that a
large capacity for Ca uptake of the SR is responsible
for the uncoupling of Ca entry via Ca channels and
the contractile force in hibernating preparations.
The above interpretation was strongly supported

by the finding that the positive inotropic effect of iso-
prenaline was dramatically restored in the presence
of caffeine. In the absence of ryanodine, a lower con-
centration of caffeine (5 mM) nearly abolished the
contraction and APp without significantly affecting
the early plateau phase of the action potential, sug-
gesting that in the present preparations, this concen-
tration of caffeine mainly exerts an inhibitory effect
on SR. These electromechanical responses to caffeine
are similar to those of ryanodine. However, under
these conditions, the effect of isoprenaline on the
mechanical response was markedly different from

that in the presence of ryanodine. Isoprenaline
caused a marked positive inotropic effect accompan-
ied by an increase in the early plateau phase of the
action potential. This effect was sensitive to
nifedipine (a Ca channel blocker) but insensitive to
ryanodine, suggesting that the increased mechanical
response is associated with Ca influx through Ca
channels. These indicate that in the presence of caf-
feine SR could not sequester the augmented cyto-
plasmic Ca induced by isoprenaline, because of an
inhibition of SR Ca uptake.

In the present experiments, the involvement of an
increasing effect of caffeine on the Ca sensitivity of
the contractile proteins (Fabiato & Fabiato, 1976;
Endo & Kitazawa, 1978; Wendt & Stephenson,
1983; Hess & Wier, 1984; Eisner & Valdeolmillos,
1985) may be unimportant. In the presence of ryan-
odine, caffeine 10mM did not affect the contraction
although it augmented Ca influx during the early
plateau depolarization. A lower concentration of caf-
feine (5mM) almost abolished the contraction and
APp, both of which are controlled by Ca release
from SR. Furthermore, it has been reported that caf-
feine increased the tonic component of tension fol-
lowing the twitch through an increase in Ca
sensitivity of the contractile system while decreasing
the twitch through an inhibition of SR function
(Eisner & Valdeolmillos, 1985). The present caffeine
effect was observed on the twitch. These observa-
tions suggest that the major mode of action of caf-
feine in the present experiments is not an increase in
Ca sensitivity, although it is possible that this factor
may contribute to some extent.
The present evidence indicates that caffeine

removes an uncoupling of Ca influx through Ca
channels and the contractile force in cardiac muscles
of hibernating animals, by reducing Ca sequestration
in the SR. It seems reasonable to conclude that this
characteristic is markedly different from that
observed in nonhibernating chipmunks and other
mammals and results from an increased ability of the
SR to take up Ca. Such a change in SR function may
be closely associated with hibernation. Furthermore,
in a previous study (Kondo, 1987b), the changes in
cardiac function of chipmunks appeared to have
been triggered before hibernation began, suggesting
the possible involvement of some responsible
substance(s). It is assumed that such substance(s)
may also be involved in the regulation of the Ca
uptake activity of the SR. Chipmunks are an impor-
tant model for studying the function of SR in cardiac
muscles.
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